ActinobaciUlus pleuropneumoniae RTX-toxin III (ApxIII) is implicated as an important virulence factor of A. pleuropneumoniae, the causative agent of porcine pleuropneumonia. Recently, the genes coding for ApxIII (apxIIICA) of serotype 8 were cloned and characterized. The toxin appeared to be a member of the RTX-toxin family, as are the other two secreted toxins of A. pleuropneumoniae, i.e., ApxI and Apxll. In this report, we describe the cloning and sequencing of the remaining part of the ApxIII operon of serotype 8. This sequence coded for the RTX secretion proteins ApxIIIB and ApxIIID, which showed 86 and 63% similarity to ApxIB and ApxID, respectively, and 83 and 63% similarity to HlyB and HlyD of Escherichia coli, respectively. Potential functional domains, such as eight transmembrane regions and an ATP-binding cassette, were present in ApxIIIB. We examined the presence of apxIIICABD sequences in the 12 serotypes of A. pleuropneumoniae and found that these sequences were present only in serotypes 2, 3, 4, 6, and 8, the serotypes that secrete ApxIll.
The gram-negative bacterium Actinobacillus pleuropneumoniae is the causative agent of porcine pleuropneumoniae, a disease of great economical importance (30) . Biotype 1 of this bacterium includes 12 serotypes, which are distributed worldwide. The mechanisms by which the bacterium invades and colonizes the host has been the subject of a large body of research. Several secreted products, outer membrane components, lipopolysaccharides and capsules have been implicated as virulence factors (1, 11) . The RTX toxins ApxI, ApxII, and ApxIII are considered the most important virulence factors, and therefore, our research is focused on these proteins. It should be noted that the nomenclature of the Apx toxins was unified recently (6) .
RTX toxins are widely spread among pathogenic bacteria. Well-known examples are alpha-hemolysin (Hly) of Escherichia coli, leukotoxin (Lkt) of Pasteurella haemolytica, and Lkt of Actinobacillus actinomycetemcomitans (5, 23, 24) . RTX toxins are encoded by operons that consist of four contiguous genes, C,A, B, and D. TheA gene codes for the structural toxin protein. The C gene codes for a protein required for activation of the toxin by an acylation reaction (13) . The B and D genes code for proteins required for secretion of the toxin (27) . Functional features of RTX-toxin proteins, in particular Hly of E. coli, have been described in detail by several investigators (2, 25, 31, 40) . Most notable are a region of hydrophobic domains that is involved in pore formation, a cluster of calcium-binding glycine-rich repeats that may be involved in target cell recognition and binding, and a carboxy-terminal domain that is essential for secretion of the toxin.
The ApxI toxin of A. pleuropneumoniae is secreted by the reference strains of serotypes 1, 5, 9, 10, and 11. ApxII is secreted by the reference strains of all serotypes, except serotype 10. ApxIII is secreted by the reference strains of serotypes 2, 3, 4, 6, and 8 (19) . The genetic determinants of ApxI in serotypes 1, 5, 9, 10, and 11 consist of the contiguous genes apxICABD. In serotypes 2, 4, 6, 7, 8 , and 12, the ApxI operon is truncated and consists only of the apxIBD genes, whereas the apxICA genes are deleted. The apxIBD genes of these serotypes are transcriptionally active (15) . Serotype 3 does not contain apxICABD sequences. The nucleotide sequences of the apxICABD genes are highly similar between the serotypes. Only the apxL4 genes are polymorphic, resulting in two variants of ApxIA protein that differ in 17 of the 37 carboxy-terminal amino acids (15) . The genetic determinant of ApxII consists of the apxICA genes and a truncated apxIIB gene. This determinant is present in all serotypes, except serotype 10. The apxIICA genes are highly similar among the serotypes, and no serotype-specific differences exist (16) . The genetic determinant of ApxIII has not yet been studied in all serotypes. Only the apxIIICA genes of serotype 8 and the apxIIICABD genes of serotype 2 have been described (3, 14) . In (14, 15) .
Nucleotide sequence analysis. We prepared progressive unidirectional deletion clones from the 2.4-kbp XhoI-PstI and the 0.9-kbp HindIII-BglII fragments by using the Erase-a-Base system (Promega). A series of deletion clones, which differed 250 to 300 bp in length, was sequenced by use of a T7 polymerase sequencing kit (Pharmacia). M13 reverse and M13 forward primers (Promega) were used for sequencing the pIC20R clones. SP6 and T7 promotor primers (Promega) were used to sequence PGEM7Zf(+) clones. PCR-introduced sequence errors in the apxIIIA sequences of serotype 2 were masked by sequencing a mixture of plasmid DNA obtained from 10 independent transformants.
The nucleotide sequences were analyzed and compared by using a Macintosh computer and the MacMolly Tetra software package (Soft Gene GmbH, Berlin, Germany). Sequence alignments were done with a minimal addition of gaps. The percentages given reflect the ratio of identical amino acid or nucleotide residues in the compared sequences.
Nucleotide sequence accession numbers. The GenBank-EMBL accession numbers for primary nucleotide sequence data are X80055 for the serotype 8 apxIIICABD genes and X80056 for the polymorphic region of the serotype 2 apxIIIA gene.
RESULTS
Cloning and nucleotide sequence of apxIIIBD genes of serotype 8. Previously, we described the cloning and characterization of the apxIIICA genes and the proximal part of the apxIIIB gene of serotype 8 (14) . Here we describe the cloning and nucleotide sequence analysis of the remaining part of the ApxIII operon. We used a 614-bp XhoI-HindIII fragment of the apxIIIB gene (apxIIIB probe) to identify a 2.4-kbp XhoIPstI fragment (Fig. 1) . From the latter fragment we used a 187-bp HindIII-PstI fragment (apxIIID probe) to identify a 900-bp HindIII-BglII fragment that was located more downstream (Fig. 1) .
We determined the nucleotide sequence of the 3.3-kbp 
ISKEIVaSAiLVFSGHSKEIKPIENALVKDIFVKDGQFVEKGQLULNLTALADADKQKTIKVSLGLERLDGYRYKSLL 160
V-H--T-----A--DR-E---Q-D----H---------Q----S--S-TK-ER---EI--160 LGQ-!T-N---TL--R----------SI--E-I--E-ES-R--DV--K------E--TL--QS--LQA--EQI--QI-S 160
YSIEHNRLPLLDFNQAD-FDSVQEEDITNrRHLITEQFE ¶IQKQKYQKELAYQRKQAEKQIVLANIRKYESASRIEKEKLS 243 (4, 9) . (B) Alignment of ApxIIID, ApxID, and HlyD. For ApxID and HlyD, only the amino acids that differ from the ApxIIID sequence are indicated; identical amino acids are indicated by dashes. The potential transmembrane region, according to Wang et al. (39) , is indicated by a shaded box.
XhoI-BglII region (Fig. 1) . Combined with the sequences of the proximal part of apxIIIB that we reported previously (14) , two major open reading frames were identified. The open reading frames were in the same orientation as the contiguous apxIIIC and apxIIIA genes (Fig. 1) . The first open reading frame, from positions 3744 to 5877, was designated apxIIIB and coded for a 80.3-kDa protein ( Fig. 2A) . The second open reading frame, from positions 5891 to 7322, was designated apxIIID and coded for a 54.7-kDa protein (Fig. 2B) . Both open reading frames were preceded by potential ribosome binding sites. An inverted repeat, followed by a run of T residues, was present between the apxIIIA and apxIIIB genes. An identical structure is also present in other RTX toxin operons and acts as a rho-independent transcription terminator (21) . These findings demonstrated that serotype 8 contains an intact ApxIII operon consisting of four contiguous genes, apxIIICABD.
The nucleotide sequences of the apxIIICABD genes of serotype 2 were published recently by Chang et al. (3) . The apxIIIB genes of serotypes 2 and 8 differed only at 15 positions, and the encoded proteins differed at 9 positions. The apxIIID genes differed at 10 positions, and the encoded proteins differed at 5 positions.
Comparison of ApxlII secretion proteins with other RTX secretion proteins. We compared the ApxIIIB and ApxIIID proteins with ApxIB and ApxID of A. pleuropneumoniae serotype 9 and HlyB and HlyD of E. coli, respectively (5, 35) . HlyB and HlyD are the best-characterized RTX secretion proteins, and several functional domains were assigned in these proteins (4, 7, 9, 18, 22, 39) . ApxIIIB and ApxIIID were 86 and 77% similar to ApxIB and ApxID, respectively, and 83 and 63% similar to HlyB and HlyD, respectively. An alignment of the ApxIIIB, ApxIB, and HlyB sequences is shown in Fig.   2A . were conserved. An alignment of the ApxIIID, ApxID, and HlyD proteins is shown in Fig. 2B . A potential transmembrane region was present in all three proteins (39) . The high degree of sequence conservation between secretion proteins of ApxIII, ApxI, and Hly indicated a functional conservation of these proteins. This is illustrated by the exchangeability of these proteins to secrete RTX toxins (14, 32 of apxIIICABD sequences in the reference strains of the 12 serotypes of A. pleuropneumoniae and determined the genetic organization of these genes. The presence of the apxIIICABD genes was tested by hybridizing radiolabeled apxIIICA and apxIIIBD probes (Fig. 1) to HindIII-digested genomic DNA of the 12 serotypes. Together, these probes encompass the complete apxIIICABD sequences of serotype 8. The apxIIICA probe hybridized to fragments with lengths of 611 and 3,229 bp and approximately 7 kbp in serotypes 2, 3, 6, and 8 and to fragments with lengths of 611 and 3,229 bp and approximately 2 kbp in serotype 4 (Fig. 3A) . The 611-and 3,229-bp fragments are contained within the apxIIICABD genes, while the approximately 2-and 7-kbp fragments are located upstream of the Hindlll site at position 1284 (Fig. 1) . The BD probe hybridized to 1,630-and 3,229-bp and >20-kbp fragments in serotypes 2, 3, 4, 6, and 8. The 1,630-and 3,229-bp fragments are contained within the apxIIICABD genes, while the >20-kbp fragments are located downstream from the HindIII site at position 6755 (Fig. 1) . As expected, the 3,229-bp fragment was recognized by both probes, since it encompasses sequences of the apxIIL4 and apxIIIB genes (Fig. 1) . These hybridization data demonstrated that the apxIIICABD sequences were present only in serotypes 2, 3, 4, 6, and 8, the serotypes that secrete ApxIII protein, and not in the other serotypes.
The axpIIIBD probe hybridized weakly to several fragments that were not part of the apxIIICABD genes (Fig. 3B) . Since the nucleotide sequences of apxIIIBD and apxIBD are very similar, we expected cross hybridization between the apxIBD sequences and the apxIIIBD probe. Therefore, we reprobed the blot shown in Fig. 3B with radiolabeled apxIBD sequences (apxIBD probe) and found that the bands indicated with a plus sign hybridized strongly to this probe, indicating that they contained apxIBD sequences. The approximately 4-and 6-kbp Where differences in the nucleotide sequence led to differences in the amino acid sequence, the amino acids are indicated above the upper line for serotype 8 and below the lower line for serotype 2. Restriction sites that differ between the sequences and that were tested in the restriction fragment analysis are underlined. The recognition sites are AGCT forAlul, C1NAG for DdeI, GANTC for Hinfl, GATC for Sau3AI, and GTAC for RsaI. The regions that code for the glycine-rich repeats number 11, 12, and 13 are indicated by arrows (14) . The region that codes for the potential secretion signal is indicated by a broken line. not hybridize to the apxIBD probe. These fragments most likely resulted from partially digested apxIIICABD sequences.
Comparison of apxIIICABD genes of serotypes 2, 3, 4, 6, and 8. To find out whether serotype-specific differences exist between the ApxIIIA toxins or their auxiliary proteins, ApxIIIC, ApxIIIB, and ApxIIID, we compared the apxIIICABD genes of serotypes 2, 3, 4, 6, and 8 by restriction fragment analysis. Therefore, we amplified the apxIIICA and apxIIIBD genes of these serotypes with oligonucleotide sets I and II and III and IV by PCR (Fig. 1) . As expected, for serotypes 2, 3, 4, 6, and 8 we obtained PCR fragments with lengths of 3,865 bp with oligonucleotide set I-II and PCR fragments with lengths of 4,612 bp with oligonucleotide set III-IV (Fig. 4) . The other serotypes gave no amplification products. We compared the primary structures of the apxIIICABD genes by extensive restriction fragment analysis of the PCR products. The PCR products obtained with oligonucleotide set I-II (apxIIICA) were digested with the enzymes AluI, DdeI, Hinfl, RsaI, or Sau3AI. On the basis of the nucleotide sequence, these enzymes cut the 3,865-bp PCR fragment of serotype 8 at 65 positions. The PCR fragments obtained with oligonucleotide set III-IV (apxIIIBD) were digested with the enzymes DraI, HindIII, ScaI, or SspI. These enzymes cut the apxIIIBD genes of serotype 8 at 11 positions. The restriction patterns of the apxIIICA genes were very similar; the restriction patterns of only serotype 2 differed for several enzymes (results not shown). Most differences in the restriction patterns of serotype 2 resulted from sequence differences in the distal 500 bp of the apxIIL gene. The restriction patterns of the apxIIIBD genes were identical (results not shown).
To characterize the polymorphisms of the apxIIIA gene of serotype 2, we determined the nucleotide sequence of the distal 500 bp of this gene. Therefore, we cloned a HindIII-NsiI fragment of approximately 1.9 kbp that was obtained from the PCR fragment generated with oligonucleotide set I-II. This HindIII-NsiI fragment of serotype 2 corresponded to a HindIII-NsiI fragment of serotype 8 from positions 1897 to 3794. We determined the nucleotide sequence of the distal 500 bp of the apxIIIA gene. Comparison with the corresponding sequence of serotype 8 revealed 69 differences. This resulted in 32 amino acid differences at the carboxy-terminal ends of the ApxIIIA proteins of serotypes 2 and 8 (Fig. 5) . The amino acid differences clustered in two polymorphic regions, located between the glycine-rich repeats and the potential carboxyterminal secretion signal. The secretion signals of ApxIA and HlyA were assigned to their approximately 50 carboxy-terminal amino acids (14, 36) . Most likely, in ApxIIlA this region has a similar function. The two polymorphic regions were interspaced by a conserved region encoded by the codons from positions 3316 to 3362. The nucleotide sequence of apxIIIA of serotype 2 correlated well with its restriction fragment profiles. The cleavage sites for the enzymes that were used in the restriction fragment analysis are indicated in Fig. 5 . We compared the nucleotide sequences of the polymorphic regions of the two apxIIIA variants with other RTX-A genes but did not find any relationship that was indicative of the origins of the polymorphic regions.
After this work was completed, the nucleotide sequences of the apxIIICABD genes of serotype 2 were published (3). This enabled us to compare the complete apxIIICABD genes in serotypes 2 and 8. As expected from the restriction fragment analysis, we found that these sequences were very similar. The sequences of the apxIIICABD genes differed at 1, 84, 15, and 11 positions, respectively. The differences in the apxIIIC, apxIIIB, and apxIIID genes were scattered throughout the genes and not located in particular regions. In contrast, 69 of the 84 differences in the apxIIIA genes were located in the distal 500 bp. These 69 differences were identical to the differences that we found in apxIIIA of serotype 2, except for 1 difference at position 3299 (A to C) that did not change the amino acid residue. We concluded that the apxIIICABD genes of serotypes 2, 3, 4, 6, and 8 are very similar, except for apxIIIA of serotype 2, which differs at its distal 500 bp from the other apxIILA genes.
We have demonstrated for A. pleuropneumoniae serotype 1 that ApxI and ApxII are secreted solely by the ApxIBD secretion proteins, since inactivation of the apxIBD genes by insertional mutagenesis prevented the secretion of ApxI and ApxII (17, 32) .
DISCUSSION
In this paper we describe the cloning and sequencing of the apxIIIBD genes of A. pleuropneumoniae serotype 8 and demonstrate that these genes are adjacent to the apxIIICA genes and part of a single operon (14) . We found similar ApxIII operons in serotypes 2, 3, 4, 6, and 8, the serotypes that secrete ApxIII (19) . Serotypes 1, 5, 7, 9, 10, 11, and 12 7 and 12. In these serotypes a truncated ApxI operon, which consists of the apxIBD genes, is accompanied by the truncated ApxII operon. We deduce that in these serotypes of the ApxIB and ApxID proteins mediate secretion of ApxII. The fifth and most complex combination is present in serotypes 2, 4, 6, and 8. These serotypes, which secrete ApxII and ApxIII, contain the apxIBD, apxIICA, and apxIIICABD genes. In these serotypes, two sets of secretion proteins, ApxIBD and ApxIIIBD, may secrete ApxII and ApxIII. The proposed complementation between the Apx operons is supported by data obtained with several mutant strains of A. pleuropneumoniae. Recently, we inactivated by insertional mutagenesis the apxIBD genes of serotype 1 and found that this mutant did not secrete ApxI and ApxII (17) . Similarly, a serotype 5 strain with chemically mutated apxICABD genes did not secrete ApxI and ApxII (12). In addition, it has been demonstrated that the ApxIIIB and ApxIIID secretion proteins can mediate secretion of ApxII from E. coli (26) .
None of the serotypes produced only ApxIII or a combination of ApxI and ApxIII. This was found not only for the reference strains of A. pleuropneumoniae but also for 114 field strains of the 12 serotypes that, with the exception of four strains, secreted the same Apx toxins as the reference strains (19, 20) . An explanation for the absence of A. pleuropneumoniae strains that secrete only ApxIII may be that they are not recognized. One criterion for the identification of A. pleuropneumoniae is hemolysis, and ApxIII is not hemolytic (19, 33) . There are indications, however, of the existence of A. pleuropneumoniae strains that secrete only ApxIII. M0ller and Kilian described several nonhemolytic strains of the family Pasteurellaceae as A. pleuropneumoniae strains that were CAMP positive (29 Despite our detailed knowledge of the Apx proteins and their genes, we do not know the role of each of the Apx toxins in pathogenesis of porcine pleuropneumonia. Now that we know the structures of the Apx operons, we can design experiments that will elucidate the role of each of these toxins in pathogenesis. As a first step we have generated, by homologous recombination, strains of A. pleuropneumoniae serotype 1 which have mutations in the ApxI and ApxII operons (17) .
These mutants, which differ from the parent strain only in the gene mutation, will be useful for studying the pathogenesis of porcine pleuropneumonia.
